The Type II Activin Receptors Are Essential for Egg Cylinder Growth, Gastrulation, and Rostral Head Development in Mice  by Song, Jihwan et al.
et
e
d
s
t
h
Developmental Biology 213, 157–169 (1999)
Article ID dbio.1999.9370, available online at http://www.idealibrary.com onThe Type II Activin Receptors Are Essential for Egg
Cylinder Growth, Gastrulation, and Rostral Head
Development in Mice
Jihwan Song,*,1 Suk P. Oh,*,1 Heinrich Schrewe,†,1 Masatoshi Nomura,*
Hong Lei,* Makiko Okano,* Thomas Gridley,‡ and En Li*,2
*Cardiovascular Research Center, Massachusetts General Hospital, Department of Medicine,
Harvard Medical School, Charlestown, Massachusetts 02129; †Department of Developmental
Biology, Max-Planck-Institut fu¨r Immunbiologie, Freiburg, Germany; and
‡The Jackson Laboratory, Bar Harbor, Maine 04609
The type II activin receptors, ActRIIA and ActRIIB, have been shown to play critical roles in axial patterning and organ
development in mice. To investigate whether their function is required for mesoderm formation and gastrulation as
implicated in Xenopus studies, we generated mice carrying both receptor mutations by interbreeding the ActRIIA and
ActRIIB knockout mutants. We found that embryos homozygous for both receptor mutations were growth arrested at the
gg cylinder stage and did not form mesoderm. Further analyses revealed that ActRIIA2/2ActRIIB1/2 and about 15% of the
ActRIIA2/2 embryos failed to form an elongated primitive streak, resulting in severe disruption of mesoderm formation in
the embryo proper. Interestingly, we observed similar gastrulation defects in ActRIIA2/2nodal1/2 double mutants, which, if
hey developed beyond the gastrulation stage, displayed rostral head defects and cyclopia. These results provide genetic
vidence that type II activin receptors are required for egg cylinder growth, primitive streak formation, and rostral head
evelopment in mice. © 1999 Academic Press
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(INTRODUCTION
Members of the transforming growth factor-b (TGF-b)
superfamily, including activins, Vg-1, nodal, and BMP4, are
potent mesoderm-inducing factors. While BMPs can induce
ventral mesoderm, activins, Vg-1, and nodal-related pro-
teins (Xnr) can induce dorsal mesoderm in Xenopus (for
reviews, see Smith, 1993; Slack, 1994; Graff, 1997; Heas-
man, 1997). It is known that signaling by these factors is
mediated by heteromeric complexes of type I and type II
serine/threonine kinase receptors. ActRIIA and ActRIIB
were initially identified as type II receptors for activins
(Mathews and Vale, 1991; Attisano et al., 1992). Subse-
quently, it was shown that these receptors can also bind to
1 These authors contributed equally.
2 To whom correspondence should be addressed at Massachu-
etts General Hospital–East, Room 4217, 149, 13th Street, Charles-b
own, MA 02129. Fax: (617) 726-5806. E-mail: en@cvrc.mgh.
arvard.edu.
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All rights of reproduction in any form reserved.other factors such as OP-1/BMP7 (Yamashita et al., 1995;
Liu et al., 1995). BMPRII is the type II BMP receptor which
ediates signals of BMP2, BMP4, and BMP7 (Liu et al.,
995). However, the receptors for Vg-1 and nodal remain
lusive. In Xenopus, it has been shown that truncated forms
f ActRIIB receptor, which act as dominant-negative inhibi-
ors of activin signaling, block mesoderm formation in-
uced by activin, Vg-1, BMP4, and Xnr-1 and Xnr-2
Hemmati-Brivanlou and Melton, 1992; Schulte-Merker et
l., 1994; Chang et al., 1997; Dyson and Gurdon, 1997; C.
right, pers. comm.). Expression of a truncated ActRIIA
eceptor in Xenopus embryos results in axis duplication,
imilar to the phenotypes induced by expression of
ominant-negative forms of BMP4 or BMP type I receptors
New et al., 1997). However, genetic evidence has yet to be
established as to whether the function of ActRIIA and
ActRIIB is essential for mesoderm induction and gastrula-
tion during normal vertebrate development.Among the TGF-b superfamily, nodal and BMP4 have
een shown to be required for early mouse embryogenesis.
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158 Song et al.The mouse nodal gene was cloned through analysis of a
retroviral insertion mutation, 413.d, which resulted in early
embryonic lethality (Zhou et al., 1993; Conlon et al., 1994).
In embryos homozygous for the nodal mutation, the primi-
tive ectoderm was disorganized and mesoderm not formed
(Iannaccone et al., 1992; Conlon et al., 1994). BMP4 was
hown to be required for epiblast proliferation and the
ormation of allantois and primordial germ cells (Winnier et
l., 1995; Lawson et al., 1999). In contrast, zygotic activins
the bA and bB genes) are not required for early mouse
development (Matzuk et al., 1995a). These results raise
important questions as to whether activin receptors are
essential for early mouse development and, if so, what
signals these receptors might mediate.
It has been shown that disruption of individual type II
activin receptors has no effect on early mouse development.
The ActRIIA-deficient mice develop to term, but exhibit a
number of defects, including hypoplasia of mandibles, de-
layed maturation of testes, and female sterility (Matzuk et
al., 1995b). On the other hand, the ActRIIB-deficient mice
die postnatally, displaying defects in axial patterning such
as homeotic transformation of the axial skeleton as well as
disturbance of left–right asymmetry (Oh and Li, 1997). Most
of the phenotypes described for ActRIIA or ActRIIB mutant
mice exhibit incomplete penetrance, raising the possibility
of functional compensation between these two receptors,
which show similar biochemical properties (Mathews,
1992; Attisano et al., 1992) and partially overlapping expres-
ion patterns during development (Feijen et al., 1994;
Manova et al., 1995).
To elucidate the function of ActRIIA and ActRIIB in early
mouse development, we generated and analyzed mice car-
rying mutations of both ActRIIA and ActRIIB genes (des-
ignated IIA and IIB hereafter). We demonstrated that Act-
IIA and ActRIIB had overlapping functions and were
ogether essential for egg cylinder growth and primitive
treak formation. In addition, we showed that nodal1/2
IIA2/2 double mutants displayed gastrulation defects simi-
ar to those of IIA2/2IIB1/2 and nodal1/2Smad21/2 double
mutants, suggesting that nodal, activin type II receptors,
and Smad2 may function in the same genetic pathway to
regulate mouse gastrulation.
MATERIALS AND METHODS
Construction of ActRIIA Targeting Vector
The genomic DNA for the IIA gene was isolated from a 129/SvJ
mouse genomic phage library (Stratagene). Exons/introns were
mapped by Southern analysis and confirmed by DNA sequencing.
The genomic organization was in agreement with the data reported
by Matzuk and Bradley (1992). A 7.7-kb BamHI fragment contain-
ing sequences from exon 6 to exon 10 was used for the construction
of the targeting vector. A 5.2-kb BamHI–KpnI fragment of the IIA
gene was cloned upstream of the neomycin expression cassette
from plasmid PGKneobpa, and a 900-bp HindIII–BamHI genomic
fragment was cloned downstream of the neo cassette. This resulted
in a deletion of 135 bp of exon 9 and 1.3 kb of intron 9. The neo
Copyright © 1999 by Academic Press. All rightcassette was in the same transcriptional orientation as the IIA
gene. To allow negative selection against random integration of the
targeting vector, a pMCI-TK cassette was introduced downstream
of the HindIII–BamHI fragment.
Generation of ActRIIA Mutant Mice
CJ7 ES cells were electroporated with 25 mg of linearized
targeting vector DNA and selected as described (Swiatek and
Gridley, 1993). DNA was isolated from colonies in the replica
plates by the method of Laird et al. (1991). Clones positive for
omologous recombination were identified by PCR analysis. The
rimers for the IIA mutant allele were 59-TGGGAAGA-
CAATAGCAGGCATGC-39, located in the neo gene, and 59-
GCAGAGTGTGACCCGTACCCAC-39, located downstream of
the 39 end of the targeting construct. The PCR temperature cycling
conditions were 94°C for 4 min, then 94°C 30 s, 65°C for 30 s, 72°C
for 90 s for 40 cycles. PCR products were resolved on 1% agarose
gels. Candidate clones were confirmed by Southern analysis using
a 0.7-kb HindIII–BamHI genomic fragment which distinguishes the
5.9-kb mutant band from the 7.5-kb wild-type band after HindIII
digestion (Fig. 1). Positive clones were injected into blastocysts
from C57BL/6J mice, and male chimeras with extensive ES cell
contribution to the coat color were bred with C57BL/6J females to
test for germ-line transmission of the dominant agouti coat color
marker as described (Swiatek and Gridley, 1993).
Genotype Analysis of IIA and IIB Mutant Embryos
and Mice
Tail or embryo DNA was prepared as described (Laird et al.,
1991) and analyzed by Southern blot hybridization (see Fig. 1) or
PCR using the following sets of primers: (i) wild-type IIA allele (140
bp), 59-GTTGGTACCCGGAGGTATATGGC, 59-CCCTTAC-
ATCTGCAGCAGTGCA; (ii) IIA-specific neo gene (900 bp),
9 -TGGGAAGACAATAGCAGGCATGC, 5 9 -GCAGAG-
TGTGACCCGTACCCAC; (iii) wild-type IIB allele (300 bp),
59-CCGACAGCCCCCACCCTGCTCA, 59-GGCCCACCA-
GAGGGGATGGGGG; and (iv) IIB-specific neo gene (500 bp), 59-
CCTCTGAGCCCAGAAAGCGAAGG, 59-TCACCCACTT-
GCCGGAGCCTGGG. All of these primers were used in the same
PCR with annealing temperature at 70°C for 35 cycles of reaction.
Histology and in Situ Hybridization
Histological analysis was carried out using standard methods
(Kaufman, 1992). Embryos in uterine horn were fixed with Bouin’s
fixative (Polyscience) for 2–4 h, dehydrated, and embedded in
paraffin. Sections were cut at 7 mm and stained with hematoxylin
nd eosin.
For in situ hybridization, embryos were dissected in PBS and
xed in MEMFA (0.1 M Mops, pH 7.5, 2 mM EGTA, 1 mM MgSO4,
.7% formaldehyde) for 1–2 h at room temperature. The procedure
or whole-mount in situ hybridization was essentially the same as
escribed previously (Wilkinson, 1992), except that blocking re-
gent (Boehringer Mannheim) and maleic acid buffer were used
uring antibody incubation and washing. The following
igoxigenin-labeled antisense RNA probes were generated as de-
cribed previously: Brachyury (T) (Wilkinson et al., 1990), HNF3b
(Sasaki and Hogan, 1993), Hesx1 (Thomas and Beddington, 1996),
Otx2 (Ang et al., 1994), and En2 (Davis and Joyner, 1988). The
nodal probe used in this study spans exon 2. For double in situ
s of reproduction in any form reserved.
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159Type II Activin Receptors in Mouse Gastrulationhybridization, both digoxigenin- and fluorescein-labeled probes
were added simultaneously. After the first color reaction using
NBT/BCIP, anti-digoxigenin antibody was heat-inactivated and
replaced by anti-fluorescein antibody. The second color reaction
was done using INT/BCIP (Boehringer Mannheim). Embryos were
fixed after in situ hybridization and embedded in JB-4 solution
(Polyscience) for plastic section. The embryos were cut at 6 mm and
counterstained with Nuclear Fast Red for 5 min.
RESULTS
Functional Redundancy of Type II Activin
Receptors in Mouse Development
We reported the IIB knockout mice a few years ago (Oh
nd Li, 1997). Here we generated mice carrying a mutant
IA gene by targeted disruption of the kinase domain of
ctRIIA (Fig. 1A). While the IIA heterozygous mice were
henotypically normal and fertile, at a low frequency the
omozygous mutant mice (IIA2/2) exhibited a number of
efects, including hypoplasia of the mandible, mild cyclo-
ia, delayed maturation of testes, and partial sterility of
emale mice. These phenotypes are essentially identical to
hose of another IIA knockout mouse line (Matzuk et al.,
995b), suggesting that our IIA mutant allele represents a
oss-of-function mutation, similar to the reported mutant
llele. Interestingly, a small fraction of our IIA2/2 embryos
(;15%) also showed severe gastrulation defects and mid-
gestation lethality (see below), which were not documented
in the previous study.
Interbreeding of IIA2/2 and IIB2/2 mice (all mutant mice
used in this study were maintained on a mixed genetic
background of 129/Sv and C57BL/6) produced offspring
trans-heterozygous for both IIA and IIB mutations (i.e.,
IIA1/2IIB1/2), which appeared to be normal and fertile.
Interestingly, analysis of a total of 433 offspring from
intercrosses of IIA1/2IIB1/2 mice or crosses of IIA1/2IIB1/2
with IIA2/2 or IIB2/2 mice indicated that no IIA2/2IIB2/2,
IIA2/2IIB1/2, or IIA1/2IIB2/2 mice survived to the weaning
stage. Further analysis of embryos and newborns revealed
that the IIA2/2IIB2/2 and IIA2/2IIB1/2 embryos died before
r during gastrulation, while IIA1/2IIB2/2 mice died late in
development or shortly after birth. These results provide
genetic evidence that IIA and IIB receptors have partially
redundant functions during embryonic development in
mice.
The IIA2/2IIB2/2 Embryos Fail to Undergo
Gastrulation and Do Not Form Mesoderm
The IIA2/2IIB2/2 embryos were resorbed by E8.5 based on
enotype analysis of embryos produced from intercrosses of
IA1/2IIB1/2 mice. Dissection of embryos at 7.5 days post-
oitum (or E7.5) revealed that a small number of embryos
ere severely retarded. These embryos were subsequently
onfirmed to be IIA2/2IIB2/2 by Southern (Fig. 1B) or PCR
nalysis (not shown). Histological analysis of several litters
f E7.5 embryos revealed that the putative IIA2/2IIB2/2
Copyright © 1999 by Academic Press. All rightembryos (9 of 126 embryos, expected at 1/16) were much
smaller than their normal littermates or even smaller than
E6.5 wild-type embryos (Figs. 1C–1F), indicating the growth
arrest of mutant embryos at the early egg cylinder stage.
Cell death was observed in the epiblast of some mutant
embryos as shown by pycnotic staining of fragmented cells
(Fig. 1F). The other morphological features of IIA2/2IIB2/2
embryos include a constriction at the embryonic and ex-
traembryonic junction, the separation of the visceral
endoderm and the epiblast, and the lack of mesoderm cells
(Figs. 1D–1F). In control experiments, embryos with such
defects were not found among more than 180 progeny from
intercrosses between IIA1/2IIB1/2 and IIA2/2 mice. Consis-
tent with the histological results, expression of Brachyury
(T), an early mesodermal marker (Wilkinson et al., 1990),
was not detected in the putative IIA2/2IIB2/2 embryos (n 5
) (Fig. 1G). These results indicate that the IIA2/2IIB2/2
embryos were developmentally arrested prior to the initia-
tion of gastrulation and did not form mesoderm or a
primitive streak.
The IIA2/2IIB1/2 and Some IIA2/2 Embryos Display
Severe Gastrulation Defects
Morphological analysis and genotyping of embryos from
crosses of IIA1/2IIB1/2 and IIA2/2 mice revealed that almost
all of the IIA2/2IIB1/2 embryos and about 15% of the
IIA2/2IIB1/1 embryos displayed severe gastrulation defects
and died around midgestation. At E7.5, the mutant embryos
often showed a constriction at the embryonic and extraem-
bryonic junction (Figs. 2B–2D). Histological analysis re-
vealed that mesoderm was formed in both embryonic and
extraembryonic regions (Figs. 2B–2D). Although the cho-
rion and visceral yolk sac were formed, amnion and allan-
tois were absent in most mutant embryos, and the forma-
tion of the embryonic mesoderm was severely impaired
(Figs. 2B–2D). At E8.5, the mutant embryos were located
partially or completely outside the yolk sac and showed
variable gastrulation defects ranging from the lack of dis-
cernible embryonic axes to the formation of relatively
normal axial and paraxial structures (Fig. 2E). Histological
analysis confirmed the presence of neural tubes and somites
in those relatively advanced embryos (data not shown).
However, almost all of the mutant embryos with gastrula-
tion defects did not form a primitive heart or the head-fold
structure. In contrast to the severe embryonic defects, the
growth and morphology of the extraembryonic tissues such
as the visceral yolk sac was relatively normal at this stage.
By E9.5 and E10.5, the mutant embryos with defective
gastrulation were partially or completely degenerated (Figs.
2F and 2G). These results indicated that gastrulation was
initiated in IIA2/2IIB1/2 mutant embryos, but severely im-
paired subsequently, resulting in developmental arrest of
the embryo.
s of reproduction in any form reserved.
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160 Song et al.Primitive Streak Elongation Is Disrupted
in IIA2/2IIB1/2 Mutant Embryos
FIG. 1. Targeted inactivation of both ActRIIA and ActRIIB gen
bottom) showing the wild-type locus of the ActRIIA, the targeting
exons are shown as filled rectangles and noncoding exons as blank r
from the neomycin cassette, thus the 7.5- and 5.9-kb HindIII frag
mutant alleles, respectively. The 39 external probe (H-B fragmen
indicated. Restriction enzymes: B, BamHI; H, HindIII; K, KpnI. (B) S
generated by intercrosses of IIA1/2IIB1/2 mice. Wild-type (wt), het
ndicated. (C) Sagittal section of a wild-type embryo at E6.5. (D–F) S
hat mutant embryos are very small and the epiblast is detache
onstriction are marked with arrowheads. (G) Whole-mount in s
mbryos at E7.5. EE, embryonic ectoderm; EXE, extraembryonic eThe developmental abnormalities described above are
likely caused by impaired morphogenesis of the primitive
o
p
Copyright © 1999 by Academic Press. All righttreak. The primitive streak is formed initially in the
roximal-posterior region of the epiblast, marking the onset
ocks mesoderm formation. (A) Schematic diagrams (from top to
r, and the mutant allele after homologous recombination. Coding
gles. A HindIII site was introduced into the targeted ActRIIA locus
s indicated by lines with arrows represent the wild-type and the
r Southern hybridization and the PCR primers (arrowheads) are
ern analysis of IIA and IIB genotypes from a litter of E7.5 embryos
ygous (1/2), or homozygous (2/2) genotypes for IIA and IIB are
l sections of three presumptive IIA2/2IIB2/2 embryos at E7.5. Note
m the visceral endoderm in some mutant embryos. Sites of the
nalysis of T expression in wild-type (left) and IIA2/2IIB2/2 (right)
rm; VE, visceral endoderm. Scale bar, 100 mm.es bl
vecto
ectan
ment
t) fo
outh
eroz
agitta
d frof gastrulation, and then elongates distally as gastrulation
roceeds, allowing neighboring epiblast cells to ingress
s of reproduction in any form reserved.
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161Type II Activin Receptors in Mouse Gastrulationthrough the streak to form mesodermal cells (Hogan et al.,
1994; Tam and Behringer, 1997). T is expressed in the
primitive streak throughout gastrulation (Wilkinson et al.,
1990). In an E7.5 wild-type embryo, T transcripts were
etected along the entire primitive streak and in the node
Figs. 3A and 3D). In contrast, T expression was restricted to
he proximal region in the abnormal IIA2/2 and IIA2/2IIB1/2
embryos (Figs. 3B and 3C). Histological analysis of these
mutant embryos after in situ hybridization revealed that
the primitive streak characterized by the lack of the epithe-
lial boundary was formed in the proximal epiblast where T
FIG. 2. Gastrulation defects in IIA2/2IIB1/2 embryos. (A–D) Sagit
t E7.5. Note the constriction (marked by arrowheads) at the embry
f the embryo out of the yolk sac. (E–G) Gross morphology of wild-
utant embryos are partially or completely protruded outside the y
ontain only an empty yolk sac at E10.5 (G). A, amnion; AL, alla
esoderm; NE, neurectoderm; VYS, visceral yolk sac.expression was detected, but failed to extend to the distal
region of the embryo (Figs. 3D–3F).
Copyright © 1999 by Academic Press. All rightTo further determine whether the node or the anterior
aspect of the primitive streak, which was shown to have
organizer activity (Beddington, 1994; Tam et al., 1997), was
present in these mutant embryos, we analyzed the expres-
sion of HNF3b and nodal, both of which are normally
xpressed in the anterior region of the primitive streak and
n the node (Sasaki and Hogan, 1993; Ang et al., 1993; Zhou
t al., 1993; Conlon et al., 1994). We showed by double in
situ hybridization that both HNF3b and nodal were ex-
pressed in mutant embryos, overlapping with T expression
in the distal part of the truncated primitive streak (Figs.
ctions of wild-type (A) and mutant (B–D) embryos within decidua
and extraembryonic junction, which leads to the protrusion of part
(left) and mutant embryos (right) at E8.5 (E), E9.5 (F), and E10.5 (G).
ac at E8.5 (E) and are degenerated at E9.5 (F). Most mutant decidua
; C, chorion; EE, embryonic ectoderm; EM, embryo; H, head; M,tal se
onic
type
olk s3G–3K). Consistently, a node-like structure was observed in
some IIA2/2 and IIA2/2IIB1/2 mutant embryos (Fig. 3F,
s of reproduction in any form reserved.
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162 Song et al.FIG. 3. Expression of Brachyury (T), nodal, and HNF3b in IIA2/2IIB1/2 mutant embryos at E7.5. (A–C) T expression in wild-type (A) and
two mutant (B, C) embryos at E7.5. (D–F) Sagittal sections of the same embryos shown in (A–C). Arrowheads indicate the node in wild-type
embryo (D) or a node-like structure in mutant embryo (F). (G–I) Double in situ hybridization showing the expression of T and nodal in
ild-type (G) and mutant (H, I) embryos. The orange color indicates T expression, and the purple color marked with arrowheads indicates
odal expression. T expression in mutant embryos is marked with arrows. In the mutants, note that T expression is restricted to the
osterior region, whereas nodal expression is expanded or bifurcated in some cases. (J, K) Double in situ hybridization showing theexpression of T and HNF3b in wild-type (J) and mutant (K) embryos. HNF3b expression shown in purple color is marked with arrowheads.
Note that HNF3b expression is expanded in the mutant. EE, embryonic ectoderm; M, mesoderm; and PS, primitive streak.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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163Type II Activin Receptors in Mouse Gastrulationarrowhead). These results suggested that the primitive
streak was formed in the mutant embryos, but its elonga-
tion was disrupted.
Defects in Anterior Patterning in IIA2/2IIB1/2
Mutant Embryos
To investigate whether anterior patterning was affected
in IIA2/2IIB1/2 embryos, we analyzed expression of several
anterior neural markers including Hesx1, Otx2, and En2.
Hesx1 is first detected in the anterior visceral endoderm at
the egg cylinder stage and later in the anterior neural
ectoderm (Thomas and Beddington, 1996) (Figs. 4A–4C).
Recent studies have demonstrated that Hesx1 function is
essential for anterior neural development in both humans
and mice (Dattani et al., 1998). We found that Hesx1
transcripts were detected in IIA2/2IIB1/2 mutant embryos at
7.5 (Fig. 4F). The localization of Hesx1 transcripts in the
istal region instead of the anterior region might result
rom abnormal cell movement. In E8.5 IIA2/2IIB1/2 em-
ryos, Hesx1 expression was detected in mutant embryos
ith a discernible A–P axis (Fig. 4G), but was lost in
mbryos with more severe gastrulation defects (Fig. 4H).
tx2 is normally expressed in the anterior third of the
eural plate at the head-fold stage and in the forebrain and
idbrain at later stages (Simeone et al., 1993; Ang et al.,
994), whereas En2 is expressed at the midbrain and hind-
rain junction (Davis et al., 1988) (Figs. 4D and 4E). In E8.5
IA2/2IIB1/2 embryos, Otx2 transcripts were detected at the
anterior tip of the embryo (Fig. 4I). At E9.5, most IIA2/2
IIB1/2 embryos had degenerated and lacked Otx2 expres-
sion, although En-2 expression could still be detected in
some embryos (Fig. 4J). In a small number of IIA2/2IIB1/2
embryos which underwent relatively normal gastrulation,
anterior neural development was found to be abnormal.
Analysis of Otx2 and En2 expression by double in situ
ybridization revealed that the anterior part of the Otx2
xpression domain was truncated (Fig. 4K), indicating that
he forebrain was probably not formed. Although the phe-
otypes of IIA2/2IIB1/2 embryos are complicated, the re-
sults described in this section indicate that activin recep-
tors also play a role in anterior patterning.
Synergistic Effects of Nodal and Activin Receptor
Mutations on Gastrulation and Anterior Patterning
Since the type II activin receptors function in a gene
dosage-sensitive manner during early development, we rea-
soned that if nodal signals through IIA and/or IIB, inactiva-
tion of one allele of the nodal gene in IIA2/2 mutant
mbryos might enhance the penetrance of gastrulation
efects. To test this hypothesis, we crossed IIA2/2 mice
with the nodallacZ knockout mice (Collignon et al., 1996).
The majority of the compound heterozygous (IIA1/2
nodal1/2) mice appeared to be viable and fertile. The IIA1/2nodal1/2 mice were then crossed with IIA2/2 mice, and the
rogeny resulting from this cross were analyzed at E9.5 or at
Copyright © 1999 by Academic Press. All rightirth. We found that over 60% (8/13) of IIA2/2
nodal1/2 embryos (compared to 13% of the IIA2/2nodal1/1
littermates) showed characteristic gastrulation defects (Fig.
5A and Table 1). In addition, the forebrain of the IIA2/2
nodal1/2 embryos (4/13) which developed beyond gastrula-
ion was significantly reduced compared to wild-type litter-
ates (Figs. 5B and 5C). We also examined 85 pups from 12
itters at birth and found that only 8 pups were IIA2/2
nodal1/2, compared to 20 IIA2/2nodal1/1 littermates, indi-
cating a dramatic increase of the penetrance of lethality due
to gastrulation defects (Table 1). Moreover, 6 of the IIA2/2
nodal1/2 newborns displayed cyclopia and truncation of
rostral head structures (Figs. 5E and 5F). The IIA2/2 mice
howed mild craniofacial defects such as hypoplastic man-
ibles, but cyclopia was rarely detected (Matzuk et al.,
995b, and data not shown). The dramatic increase in the
enetrance of gastrulation and rostral head defects in IIA2/2
nodal1/2 mice demonstrated a clear genetic interaction
etween nodal and type II activin receptors during mouse
evelopment. These results indicate that the gene dosage of
odal and activin receptors is crucial for normal gastrula-
ion and rostral head development.
DISCUSSION
ActRIIA and ActRIIB Have Overlapping Functions
in Mouse Development
Previous studies of the type II activin receptors by gene
targeting have shown that each receptor has distinctive
functions during mouse development (Matzuk et al., 1995b;
Oh and Li, 1997). However, the penetrance for most pheno-
types is incomplete, suggesting the existence of modifiers
or homologous genes which may contribute to the pheno-
typic variation. In this study, we demonstrate by analysis of
IIA and IIB double mutants that these two receptors have
partially overlapping functions in a diverse range of devel-
opmental processes.
We showed that IIA2/2IIB2/2 embryos did not form me-
soderm and were arrested at the egg cylinder stage before
gastrulation, whereas one wild-type allele of either IIA or
IIB was sufficient for egg cylinder growth and initiation of
gastrulation. During gastrulation, the IIA receptor plays a
more important role than IIB as one wild-type allele of IIA
is sufficient for IIA1/2IIB2/2 embryos to complete normal
astrulation. On the other hand, in the absence of IIA, a
ingle copy of wild-type IIB allele (in IIA2/2IIB1/2 embryos)
is not sufficient for gastrulation to proceed normally. Dur-
ing later development, IIA plays a major role in craniofacial
and rostral head development while IIB functions primarily
in vertebral patterning, formation of the left–right asymme-
try, and organ development (Oh and Li, 1997; our unpub-
lished results). The overlapping functions between the IIA
and IIB receptors could be due to their overlapping expres-
sion during embryonic development or to the activation of
one receptor in cells in which the other receptor is inacti-
vated.
s of reproduction in any form reserved.
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164 Song et al.FIG. 4. Rostral neural defects in IIA2/2IIB1/2 embryos. Expression of Hesx1 and Otx2 (in purple color) and T and En2 (in orange color) in
ild-type (A–E) and mutant (F–J) embryos. (A, F) Expression of Hesx1 and T at E7.5. Note that T expression is restricted to the
proximal-posterior region in the mutant, whereas Hesx1 expression is detected in the distal region. (B, C, G, H) Expression of Hesx1 and
at E8.5. In some mutant embryos, both Hesx1 and T are expressed, although Hesx1 expression is significantly reduced (G). In embryos
ith more severe defects, no Hesx1 expression is detected, indicating the loss of forebrain identity (H). (D, I) Expression of Otx2 at E8.5.Anterior of the embryo is oriented to the front. Note that Otx2 expression is detected in the forebrain region in the mutant (I), but the
expression pattern is abnormal, indicating the abnormal patterning of the forebrain region. (E, J, K) Expression of Otx2 and En2 at E9.5. The
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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165Type II Activin Receptors in Mouse GastrulationThe finding that IIA and IIB function in a gene dosage-
dependent manner during embryonic development suggests
that activin type II receptors transduce TGF-b family sig-
als via a threshold mechanism. The gene dosage effect has
lso been observed for mutations of other TGF-b family
olecules such as Bmp4 (Dunn et al., 1997), nodal, and
mad2 (Nomura and Li, 1998) in mice. The requirement of
IA and IIB receptors in a diverse range of developmental
rocesses is consistent with the notion that these receptors
robably mediate multiple TGF-b family signals during
ouse development (Oh and Li, 1997).
Activin Receptors Are Required for Egg Cylinder
Growth and Mesoderm Formation
During early postimplantation development of the mouse
embryo, two major events take place: (1) the primitive
ectoderm (epiblast) and extraembryonic ectoderm undergo
rapid cell proliferation and (2) a cavity (known as proamni-
otic cavity) forms in the middle of the epiblast through
apoptotic cell death. BMP signaling has been suggested to
play an important role in both events (Winnier et al., 1995;
ishina et al., 1995; Coucouvanis and Martin, 1999), which
Otx2 expression domain is truncated (J) or reduced (K) in mutant em
that the forebrain and part of the midbrain are truncated.
FIG. 5. Gastrulation defects, cyclopia, and rostral head defects
gastrulation defects. (B, C) Gross morphology of wild-type (B) and II
hows the reduced size of the forebrain region (arrow in C). (D–F)
ABLE 1
ynergistic Effects of ActRIIA and nodal Double Mutations
on Gastrulation and Head Development
Genotype Stage
ActRIIA nodal E9.5 Newborn
1/2 WT 11 30
1/2 1/2 14 (1G) 27
2/2 WT 15 (2G) 20
2/2 1/2 13 (8G, 4H) 8 (6H)
Resorption 4 —
Total 57 85
Note. Embryos or newborn mice were recovered by mating IIA1/2
nodal1/2 with IIA2/2 mice. The number of abnormal embryos and
newborns is indicated in parentheses. Abbreviations: G, gastrula-
tion defects; H, head defects. The gastrulation defects at E9.5
include small embryos outside yolk sac and empty yolk sac. The
head defects at E9.5 include small forebrain and cyclopia, and those
at the newborn stage include absence or fusion of the eyes and
truncation of the rostral brain and mandibles (see Fig. 5).ostral head region as well as in the mandibular region. Note the fusion
F) in the double mutants. Insets show frontal views.
Copyright © 1999 by Academic Press. All rightead to the formation of a bilaminar egg cylinder before
nitiation of gastrulation (see Fig. 1C). In this study, we
howed that the IIA2/2IIB2/2 embryo was arrested at the
arly egg cylinder stage and failed to undergo gastrulation.
lthough the type II activin receptors do not appear to be
equired for the formation of the proamniotic cavity, the
rowth of the IIA2/2IIB2/2 egg cylinder is apparently im-
paired (Figs. 1D–1F). It remains to be investigated whether
the type II activin receptors play a role in regulation of cell
proliferation in early postimplantation embryos or in cell
fate determination (e.g., mesoderm induction) which when
disrupted leads to growth arrest.
The IIA2/2IIB2/2 embryos contained no mesodermal cells
ased on morphological criteria. Moreover, the early meso-
erm marker T was not expressed in IIA2/2IIB2/2 embryos.
expression is first detected in the proximal epiblast cells
efore the initiation of gastrulation and later in the primi-
ive streak where nascent mesoderm is formed (Wilkinson
t al., 1990; Thomas and Beddington, 1996). The lack of T
xpression confirms that mesoderm and primitive streak
ere not formed in IIA2/2IIB2/2 embryos. It is, however, not
lear at the moment whether disruption of mesoderm
ormation results from defective cell proliferation of the
piblast or from disruption of the promiscuous mesoderm
nduction process. The low frequency of recovering IIA2/2
IIB2/2 embryos makes further molecular and embryological
analyses very difficult. We are currently making efforts to
generate IIA2/2IIB2/2 cell lines. Studies by aggregation of
IA2/2IIB2/2 ES cells with wild-type tetraploid embryos (and
ice versa) (see Dufort et al., 1998) will allow us to deter-
ine whether the function of IIA and IIB in the epiblast
nd/or the extraembryonic tissues is required for cell pro-
iferation and mesoderm formation.
Type II Activin Receptors Are Required
for Primitive Streak Formation
The primitive streak is a morphological structure which
plays a crucial role in the formation and patterning of the
embryonic mesoderm. According to fate mapping studies of
the mouse embryo (Lawson et al., 1991; Lawson and Ped-
ersen, 1992), different types of mesoderm emerge along the
primitive streak in a spatial and temporal order. The meso-
derm emerging in the posterior region of the streak migrates
proximally into the extraembryonic region to form meso-
dermal components of the visceral yolk sac and chorion. On
the other hand, epiblast cells that ingress through the
os, whereas En2 expression (arrow) is less affected (J, K), indicating
A2/2nodal1/2 mice. (A) An E9.5 IIA2/2nodal1/2 embryo showing
nodal1/2 (C) embryos at E9.5. Note that the IIA2/2nodal1/2 embryo
-type and IIA2/2nodal1/2 neonates show severe truncation in thebry
in II
A2/2
Wild
of the eyes in the middle (cyclopia, E) and the absence of the eyes
s of reproduction in any form reserved.
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166 Song et al.anterior part of the streak migrate laterally to form various
types of embryonic mesoderm (Hogan et al., 1994; Tam and
Behringer, 1997).
In this study, we showed that gastrulation of IIA2/2IIB1/2
embryos and some IIA2/2 embryos was severely impaired.
lthough the visceral yolk sac and chorion appeared to
evelop normally, most IIA2/2IIB1/2 embryos lacked a
primitive heart, somites, amnion, and allantois (Figs. 2B–
2D). These results suggest that mesoderm derived from the
posterior region of the streak is relatively normal, whereas
the formation of the embryonic mesoderm through the
anterior part of the streak is impaired. The detection of T
expression only in the proximal region in most IIA2/2IIB1/2
embryos (Fig. 3) indicates that the gastrulation defects
probably result from the disruption of primitive streak
elongation. Since IIA2/2IIB1/2 embryos display gastrulation
efects with variable severity, likely due to the variability
n expression of the remaining wild-type IIB allele, it is
easonable to speculate that primitive streak formation
ould be completely blocked in IIA2/2IIB2/2 embryos even
if they could grow normally at the egg cylinder stage. In
other words, we believe that the type II activin receptors are
probably essential for both initiation and elongation of the
primitive streak.
To understand the molecular and cellular mechanisms
that regulate primitive streak formation, it is crucial to
determine in which tissue the activin receptors carry out
their functions. Analysis of chimeras deriving from IIA2/2
IIB2/2 and IIA2/2IIB1/2 tetraploid embryos or IIA2/2IIB2/2
and IIA2/2IIB1/2 ES cells will be necessary to address this
ssue. We have shown that activin type I receptor ActRIB
ALK4) and Smad2 are required in both extraembryonic
ells and epiblast for primitive streak formation (Gu et al.,
998; Nomura and Li, unpublished data). Considering the
ossibility that ALK4 and Smad2 function downstream of
IA and IIB receptors in the same signaling pathways, it is
onceivable that the type II receptors may have similar
unctions in both cell types. The function of IIA and IIB
eceptors in the visceral endoderm or extraembryonic ecto-
erm may be required for the establishment of the antero-
osterior axis and induction of primitive streak formation,
hereas their function in the epiblast may be required for
he initiation and elongation of the primitive streak. The
ctivation of the activin receptor signaling pathway may
ead to degradation of the basement membrane underneath
he proximal-posterior epiblast and initiation of primitive
treak formation and may subsequently induce delamina-
ion and intercalation of epiblast cells into the streak during
rimitive streak elongation.
Activin Receptors May Mediate Multiple TGF-b
Signals during Early Mouse Development
We have demonstrated that activin receptors are required
for egg cylinder growth, mesoderm formation, and primi-
tive streak formation. However, it remains elusive as to
which members of the TGF-b family interact with activin
Copyright © 1999 by Academic Press. All righteceptors to regulate these early developmental events.
lthough genetic analysis has demonstrated that zygotic
ctivins are not essential for early mouse development
Matzuk et al., 1995a), it has not been rigorously investi-
gated whether maternal activins might have a role in
regulation of egg cylinder growth and mesoderm induction.
Maternal activin bA and bB transcripts are detected in the
ecidual cells surrounding the embryo (Albano et al., 1994)
nd may produce mature activin proteins that may diffuse
nto the embryo.
Unlike activins both zygotic BMP4 and nodal are essen-
ial for early mouse development. It was shown that most
MP42/2 embryos were growth retarded before gastrulation
and failed to form mesoderm (Winnier et al., 1995). Simi-
larly, embryos lacking a type I BMP receptor, Bmpr-1A (or
ALK-3), also showed defects in epiblast cell proliferation
and did not form mesoderm (Mishina et al., 1995). Recently,
we have shown that another type I receptor, ActRIA (or
ALK-2), which likely mediates a BMP signal, functions in
the extraembryonic cells to regulate mesoderm formation
and gastrulation, but not egg cylinder growth (Gu et al.,
1999). Although the function of the type II BMP receptor,
BMPRII, is most likely to be essential for early mouse
development, it remains possible that some of the BMP
signals are mediated by the type II activin receptors. It has
been shown that activin receptors can bind to BMPs (Ya-
mashita et al., 1995; Liu et al., 1995) and truncated activin
receptors can block BMP signaling in Xenopus embryos
(Chang et al., 1997; New et al., 1997). It is possible that the
severe growth defect of IIA2/2IIB2/2 embryos may result
rom disruption of the BMP4 signal.
Nodal is another ligand that may signal through type II
ctivin receptors at a slightly later stage to regulate primi-
ive streak formation. nodal is expressed in the posterior
egion of the epiblast at the time when the primitive streak
s first formed, then along the streak during its elongation
Conlon et al., 1994; Collignon et al., 1996). The nodal
xpression pattern and the lack of mesoderm and the
rimitive streak in nodal-deficient embryos suggest that
odal may play an important role during primitive streak
ormation and elongation (Iannaccone et al., 1992; Conlon
t al., 1994). We showed in this study that mutations of
oth nodal and IIA in IIA2/2nodal1/2 embryos dramatically
increase the penetrance of gastrulation defects compared to
either IIA or nodal single mutants (Table 1). Importantly,
the IIA2/2nodal1/2 embryos displayed gastrulation defects
orphologically identical to those of IIA2/2IIB1/2 embryos.
ogether, these results indicate that nodal and activin type
I receptors probably function in the same genetic pathway
r alternatively in parallel pathways which converge at the
ame downstream process to regulate primitive streak for-
ation. To distinguish these two possibilities, biochemical
nalysis will be necessary to determine whether nodal can
ind the type II activin receptors and activate downstream
enes.
The complex morphogenetic defects of IIA2/2IIB2/2 and
IIA2/2IIB1/2 embryos also suggest that inactivation of ac-
s of reproduction in any form reserved.
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ing pathways. We have proposed previously that type II
activin receptors can mediate multiple TGF-b family sig-
nals during mouse development based on our finding that
inactivation of the IIB gene results in a diverse range of
evelopmental defects (Oh and Li, 1997). In Xenopus, the
runcated IIB receptor can block mesoderm formation in-
uced by activin, Vg-1, BMP4, or Xnrs (Schulte-Merker et
l., 1994; Chang et al., 1997; Dyson and Gurdon, 1997; C.
right, pers. comm), suggesting that the IIB receptor can
ither bind to these factors directly or upon association
ith various type I receptors. It is conceivable that the type
I activin receptors may also interact with activin (mater-
al), BMPs, nodal, or the yet unknown mammalian homo-
ogue of Vg-1 in different cell types or at different times to
egulate early mouse development.
An Essential Function of the Activin Receptors
in Rostral Head Development
In this study, we showed that the forebrain was truncated
in E9.5 IIA2/2IIB1/2 embryos (Figs. 4J and 4K) and in most
IA2/2nodal1/2 mice (Figs. 5C and 5F). We also observed
yclopia in about 75% of IIA2/2nodal1/2 newborn mice
(Figs. 5E and 5F). These defects, however, occurred in less
than 5% of the IIA1/2IIB2/2 or IIA2/2 mutant mice (data not
shown). These results indicate that both nodal and activin
receptors (especially IIA) play an important role in rostral
head development in mice. It has been shown that nodal
expression in the primitive endoderm is required for the
induction of rostral neural structures (Varlet et al.,1997).
Rostral head defects and cyclopia have also been observed
in Smad21/2 and Smad21/2nodal1/2 double mutants (No-
ura and Li, 1998; data not shown). It is therefore tempting
o speculate that nodal may signal through IIA receptor and
mad2 to regulate rostral head development. Further bio-
hemical and genetic analyses will be required to establish
he functional link between nodal, IIA, and Smad2. Tar-
eted disruption of the sonic hedgehog (Shh) gene also
esults in cyclopia due to severe defects in the formation
nd maintenance of midline structures such as the noto-
hord and the floor plate (Chiang et al., 1996). It will be
interesting to further investigate whether the nodal signal-
ing pathway is required for proper expression of Shh in the
rostral neural tube.
Recent molecular and genetic studies in zebrafish have
shown that the squint (sqt) and cyclops (cyc) genes encode
proteins that are structurally related to mouse nodal. Inter-
estingly, sqt and cyc double mutants failed to form dorsal
mesoderm and the embryonic shield (the zebrafish orga-
nizer) (Feldman et al., 1998) and cyc mutations result in
ventral neural tube defects and cyclopia (Rebagliati et al.,
1998; Sampath et al., 1998). These embryonic defects are
remarkably similar to the mutant phenotypes of mouse
IIA2/2IIB1/2, IIA2/2nodal1/2, and Smad21/2nodal1/2 mu-
ants. It is important to compare biochemical and genetic
athways of zebrafish sqt and cyc and mouse nodal to
Copyright © 1999 by Academic Press. All rightdetermine whether they are functionally equivalent in
development. It will also be interesting to determine
whether the function of activin receptors in gastrulation
and rostral head development is conserved in zebrafish.
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